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ABSTRACT
Context. The first long-term in-situ observation of the plasma environment in the vicinity of a comet, as provided by the European
Rosetta spacecraft.
Aims. Here we offer characterisation of the solar wind flow near 67P/Churyumov-Gerasimenko (67P/CG) and its long term evolution
during low nucleus activity. We also aim to quantify and interpret the deflection and deceleration of the flow expected from ionization
of neutral cometary particles within the undisturbed solar wind.
Methods. We have analysed in situ ion and magnetic field data and combined this with hybrid modeling of the interaction between
the solar wind and the comet atmosphere.
Results. The solar wind deflection is increasing with decreasing heliocentric distances, and exhibits very little deceleration. This is
seen both in observations and in modeled solar wind protons. According to our model, energy and momentum are transferred from
the solar wind to the coma in a single region, centered on the nucleus, with a size in the order of 1000 km. This interaction affects,
over larger scales, the downstream modeled solar wind flow. The energy gained by the cometary ions is a small fraction of the energy
available in the solar wind.
Conclusions. The deflection of the solar wind is the strongest and clearest signature of the mass-loading for a small, low-activity
comet, whereas there is little deceleration of the solar wind.
Key words. Comets: general, Comets: individual: 67P, plasmas, methods: observational, methods: numerical, space vehicles: instru-
ments
1. Introduction
Comets show large changes in their appearance as their distance
from the Sun varies. Closer to the Sun, volatile materials on the
comet nucleus start to sublimate, forming a neutral cloud that
becomes partially ionized by solar UV radiation and charge ex-
change processes. When the comet activity evolves, the com-
plexity of its interaction with the solar wind also changes. At
large distances from the Sun the solar wind directly impacts the
surface of an atmosphereless nucleus in an asteroid-like interac-
tion, while at smaller heliospheric distances the solar wind per-
meates a thin, partially ionized, unstructured coma. When the
comet activity is even higher (or the comet is closer to the Sun),
the coma is much denser and plasma boundaries form, creating a
cometary magnetosphere (Szegö et al. (2000) section 4.1, Koen-
ders et al. (2015)).
In situ investigations of the interaction between active
comets and the solar wind started in the mid-80s with the Inter-
national Cometary Explorer (ICE) visiting P/Giacobini–Zinner
in 1985, and Giotto, Vega-1 and -2, Suisei and Sakigake ex-
amining P/Halley in 1986. Giotto went on to probe P/Grigg–
Skjellerup in 1992. Although these missions provided valuable
information about the structure of a cometary magnetosphere
and its interaction with the solar wind at a given time, the fly-by
nature of these missions did not enable the study of the evolu-
tion of this interaction as the heliocentric distance changes. The
Rosetta spacecraft spends most of its time close to the nucleus
of comet 67P/Churyumov-Gerasimenko (67P/CG), scanning the
cometary environment out to a maximum of 1500 kilometers
only. However, Rosetta has stayed in the vicinity of 67P/CG for
two years giving us the unique opportunity to monitor and study
in situ how the interaction evolves as the comet transforms from
an almost atmosphereless object into an active nucleus (Glass-
meier et al. 2007a).
The Rosetta spacecraft completed its long voyage to comet
67P/CG in early August 2014 and recorded the first traces of
cometary ions upon rendezvous. The first results from the plasma
measurements made at 67P/CG describe the early phase of the
comet’s transformation. The first observations of cometary wa-
ter ions and solar wind deflection were reported by Nilsson et al.
(2015b), with the subsequent enhancement of comet water ion
fluxes around comet 67P/CG down to a heliocentric distance of
2 au described in Nilsson et al. (2015a). The local cold ion en-
vironment and its relation to the outgassing from the nucleus is
described in Goldstein et al. (2015) and Edberg et al. (2015).
First reports on the magnetic field environment showed strong
wave activity in the vicinity of the comet (Richter et al. 2015).
At low activity, the solar wind is lightly mass-loaded with
freshly ionized cometary particles. As these new-born ions are
accelerated by the solar wind electric field, energy and momen-
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tum are transferred from the solar wind to the coma. Considering
the complete system ( i.e. the entire coma), the solar wind loses
the energy gained by the cometary ions (often ‘referred to as
‘pick up’ ions, as they are picked up by the solar wind).
The most basic expectations are illustrated in Figure 1: the
solar wind flow is deflected from the comet-sun line and slowed
down, as new born cometary ions are accelerated. The gyrora-
dius of the new born ions is much larger than the ion source,
so these ions move essentially along the solar wind electric field
within the ion source region. The newly created electrons on the
other hand have a gyro-radius smaller than the source region, and
can be expected to E × B drift. This might lead to charge separa-
tion and, in turn, to new dynamical effects (Nilsson et al. 2015a;
Behar et al. 2016). Coates et al. (2015) have discussed how such
a situation near a low activity comet with a small coma may be
more similar to barium release experiments than to higher activ-
ity comets.
The first observations at comet 67P/CG indeed showed so-
lar wind deflection and water ion acceleration approximately or-
thogonal to the solar wind flow direction (Nilsson et al. 2015b).
The plasma dynamics of solar wind deflection at 67P/CG at low
activity were further studied in Broiles et al. (2015) and Behar
et al. (2016). In these two studies, it was shown how the solar
wind deflection direction and the direction of the acceleration of
newborn cometary ions are both correlated with the local mag-
netic field direction, consistent with the transfer of momentum
described here-above.
Once the comet activity has increased above the very low
level of the initial observations, the cometary ion flow direction
has a main anti-sunward component (Nilsson et al. 2015a; Behar
et al. 2016). Behar et al. (2016) discuss this in terms of a po-
larisation electric field developing in the coma as electrons and
ions respond differently to the solar wind electric field on scales
below the ion gyroradius.
We limit our study of the evolution of the interaction to the
solar wind protons. This population reflects the interaction with
the cometary ions experienced all along its trajectory through the
coma. We expect the solar wind protons to exhibit both deflec-
tion and deceleration and we compare our expectations to the
measured deflection and speed. In addition to the ion measure-
ments, we consider the local magnetic field, which is highlighted
as one of the major drivers in the solar wind-comet interaction
by Broiles et al. (2015) and Behar et al. (2016).
The in situ data recorded onboard Rosetta represent a single-
point probe of the whole system, with little spatial coverage over
time. Energy and momentum are transferred, via the electromag-
netic field, over a larger volume. In order to get a large-scale
view, we use a hybrid model of the coma-solar wind interaction.
This model provides a global picture of the interaction, allowing
us to get an estimate of the size of the region involved in energy
and momentum transfer.
Considering the simplicity of our theoretical approach, we
choose to define and use a fairly simple model as well, involv-
ing only the major components in the system. Cometary water
ions are added to the solar wind flow through ionization of an
isotropic neutral outflow. The model thus does not have a solid
obstacle for the solar wind, nor does it have gravity or momen-
tum transfer by collisions. By proceeding in this manner, we
hope to isolate and identify the main drivers of the plasma dy-
namics at a comet, at low activity.
We focus the study on the early period of the Rosetta mis-
sion, from the arrival at the nucleus (3.6 au) to a chosen dis-
tance of 2.2 au from the Sun. Closer to the Sun, a larger mass-
loading of the solar wind results in a different dynamical regime
vSW
B
Econv
vcometary ions
SOLAR WIND
Fig. 1. A simplistic view of light mass-loading: energy and momentum
are transferred from the solar wind (red streamlines) to the cometary
ions (blue dots) in a pick up process. Conservation of energy and mo-
mentum leads to a deceleration and deflection of the local solar wind.
in which, based on preliminary observations, either more radical
or new effects occur. To mark this separation, we refer in this
study to the phenomenon of light mass-loading, in opposition
with a heavier mass-loading regime occurring later on.
2. Method
2.1. Instrument description
Particle data used in this work were produced by the Ion Com-
position Analyzer, part of the Rosetta Plasma Consortium (RPC-
ICA). This instrument is an ion mass-energy spectrometer aimed
at studying the interaction between the solar wind and positive
cometary ions at comet 67P/CG (Nilsson et al. 2007). RPC-ICA
data consist of count rates given in five dimensions, namely time,
energy per charge, mass per charge, and incoming direction (two
angles). Full energy scans are produced every 12 s and full an-
gular scans are produced every 192 s. The energy spans from 10
eV up to 40 keV in 96 steps with a resolution δEE = 0.07. The
instrument field of view is 360◦ × 90◦ (azimuth × elevation),
with a resolution of 22.5◦ × 5.0◦. Mass is determined through a
position detection system with 32 anodes, which we will refer
to as mass channels. The radial position of ions on the detector
plate is a function of both mass and energy.
The magnetometer (RPC-MAG, Glassmeier et al. (2007b))
measures the three components of the magnetic field vector, with
a frequency of 20 vectors per second. The measurement range is
± 16384 nT with an accuracy of 31 pT. RPC-MAG is mounted on
a 1.5 m long boom in order to minimise the impact of spacecraft-
generated disturbance fields.
In this work, the magnetic field amplitude was averaged over
10 hours of data.
2.2. Particle data analysis
In order to characterise the protons detected by the instrument,
the very first step was to identify and separate them from the rest
of the observed ions. On the left panel of Figure 2, counts inte-
grated over one day are given as function of mass channel and
energy, and different species are identified on this energy-mass
matrix. The strongest signal was acquired for protons, and over
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Fig. 2. One example of an energy-mass matrix (left panel) and the cor-
responding proton fit (right panel).
90% of proton counts were detected in mass channels 26 and 27
(surrounded by dead mass channels). During the period covered
by the study, protons were always separated from other species
in the energy dimension, at the daily time scale. In the left panel
of Fig. 2, protons (the lightest particles) form the rightmost pop-
ulation, at highest mass channels. At about twice the energy and
shifted to the left He2+ particles are found, followed by He+ par-
ticles at about four times the proton energy and further to the left
(lower mass channels). Cometary ions are found in the lower left
corner, corresponding to lower energy and higher mass.
We have manually selected the proton energy, one selection
per day. This selection was then used for all full angular scans (of
192 s) during each day. The selection window which identifies
proton counts and rules out the rest of the counts is defined for
one day in energy-mass space, as follows: only mass channels 26
and 27 were considered, and we use an energy interval manually
selected. This resulted in the red rectangle window over-plotted
on the left panel (Fig. 2).
To determine the average direction of the proton flow, we
computed full angular distributions (azimuth-elevation) with all
counts in the selection window included. We calculated the di-
rection of the bulk velocity in the body-Centered Solar EQuato-
rial (CSEQ) reference frame. The xCS EQ axis is along the sun-
comet line, pointing to the Sun. We computed the solar wind
deflection as the angle between −xCS EQ and the flow direction.
The same method is presented with more details in Behar et al.
(2016).
This resulted in one series of deflection angles per day. The
time resolution is 192s. Later on, we calculated the median of
each series. In Section 3 we work with the time series of median
deflection values, one median value per day.
On the right panel of Figure 2, a normal distribution (solid
red line) is fitted to the selected protons (solid blue line), along
the energy dimension. In this example, the distribution is inte-
grated over one day. To capture fast variations of the proton en-
ergy distribution, the fit parameters were calculated at the full
angular scan time resolution (192s). We collected the central
energy value, the height and the Full Width at Half Maximum
(FWHM). This resulted in a time series of fit parameters, one
series per day. The time resolution was 192s. Later on, we also
calculate the median of each daily series, and work in Section 3
with a series of median fit parameters.
2.3. Model
To model the interaction between the comet 67P/CG and the so-
lar wind plasma, we used a self-consistent hybrid plasma model
where we included a production of cometary ions. In the hybrid
approximation, ions are treated as particles, and electrons as a
massless fluid. Below we present the governing equations for
the solver and the comet model. See Holmström (2010, 2013)
for more information about the solver.
The trajectory of a particle, r (t) and v (t), with charge q and
mass m, is given by the solution of the equation of motion with
the Lorentz force, F:
dr
dt
= v,
dv
dt
=
F
m
=
q
m
(
E′ + v × B) , (1)
with E′ = E − ηJ to conserve momentum since electrons are
massless (Bagdonat & Motschmann 2002), where E = E (r, t)
is the electric field, B = B (r, t) is the magnetic field, and J =
µ−10 ∇ × B is the current density.
The electric field is not unknown, and is calculated by
E =
1
ρi
(−Ji × B + J × B − ∇pe) + ηJ, (2)
where ρi is the ion charge density, Ji is the ion current density,
pe is the electron pressure, and η is the resistivity.
The gradient of the electron pressure is calculated by impos-
ing quasi-neutrality and a polytropic index, γe. In this study we
chose an adiabatic index, corresponding to γe = 5/3.
Faraday’s law is used to advance the magnetic field in time,
∂B
∂t
= −∇ × E. (3)
In vacuum regions, that are defined by the number density
of ions being less than a given value, n < nmin, we set 1/ρi = 0
in Eq. 2, and Faraday’s law is reduced to solving the magnetic
diffusion equation,
∂B
∂t
=
η
µ0
∇2B. (4)
A constraint on the time step has been inferred since the field
cannot diffuse more than one cell per timestep,
∆t <
µ0 (∆x)2
2η
, (5)
where ∆t is the time step and ∆x is the cell size. The time step
is for moving the particles (ions). The electromagnetic fields can
be updated more frequently (subcycled) since it is usually com-
putationally cheaper to update the fields compared to moving all
the particles.
For a comet, when neglecting gravity and assuming a con-
stant outflow velocity, the total flux of non-collisional water va-
por will be constant through any spherical shell around the nu-
cleus at distance r. This is called the Haser model (Haser 1957),
and is described below to a first order approximation that ne-
glects neutral bi-products once created.
The number density of water vapor, n, as a function of the
distance, r, from the comet nucleus is
nH2O (r) =
Q
4pir2 u
, (6)
where Q is the production rate of water vapor, and u is the mean
velocity of water vapor in the radial direction. However, if one
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accounts for losses (mainly due to photodissociation), the flux
will decrease exponentially with time, t = r/u, as the molecules
move outwards from the nucleus, and one gets
nH2O (r) =
Q
4pir2 u
exp
(
−νd r
u
)
, (7)
where νd is the photodestruction rate of water vapor.
The water vapor ionizes with a certain ionization rate, νi, and
creates water ions, H2O+. The water ion production rate as a
function of distance becomes
qi (r) = νi nH2O (r) , (8)
where, in the implementation, the number density of water, nH2O,
is taken at the center of each grid cell for each time step, gener-
ating the prescribed amount of ions at random positions in that
cell.
Note that neglecting the neutral bi-products of water once
they are created will barely change the density of neutral water
if the mean-free-path due to photodissociation, u/νd, is much
larger than the size of the simulation domain, which is true for all
cases studied in this paper. Other models used by, for example,
Hansen et al. (2007); Koenders et al. (2015), have similar first
order approximations that instead neglect the creation of neutral
bi-products.
2.3.1. Coordinate System and Simulation Box
The coordinate system we use in the hybrid model is a body-
centered coordinate system. It is centered in the middle of
67P/CG.
The x-axis is pointing towards the Sun, with solar wind flow-
ing in the −x direction, making it the same x coordinate as in the
CSEQ reference frame, which is the only coordinate addressed
in the observations. The z-axis is pointing in the direction of the
ambient convective electric field, and the y-axis completes the
right-handed system. We assume that the IMF has a Parker spi-
ral configuration, that is the IMF lies in the xy-plane.
The convective electric field is given byE0 = −v0×B0, where
v0 is the undisturbed solar wind bulk velocity, and B0 is the IMF
which is initially homogeneous everywhere.
The simulation domain is given by |x| < 6 · 103 km, |y| <
12 · 103 km, |z| < 18 · 103 km, with a cellsize ∆x = 125 km.
2.3.2. Model and simulation parameters
We set the plasma resistivity to ηp = 1.6 · 104 Ohm m, to
dampen numerical oscillations. We assume a vacuum resistivity
of ηv = 2.5 · 105 Ohm m, which is used when solving the diffu-
sion equation of Faraday’s law (Eq. 4) for regions of a number
density less than the arbitrarily chosen nmin = n0/16, where n0 is
the ambient solar wind proton number density. To summarize:
η =
{
ηv, for n < nmin,
ηp, otherwise.
(9)
The electromagnetic fields were updated 20 times for each
time step, ∆t = 3.5 ·10−2. The simulations were run for a total of
120 s to reach steady-state.
The water production rate of a comet changes with distance
from the sun. We used Q = 1.14 · 1029 · R−7.06 [s−1], where R is
the distance to the sun in au (Simon Wedlund et al. 2016). The
neutral expansion velocity is observed to be relatively constant
around u = 0.7 km/s (Simon Wedlund et al. 2016), so we used
that value.
Water ions are produced in the simulation according to Eq. 8.
We used scaled values, 1/R2 with heliocentric distances, for pho-
toionization and photodestruction from Crovisier (1989), where
a mean value was taken between active and quiet Sun conditions.
At 1 au this gives a photoionization rate of νi = 6.5 ·10−7 s−1 and
a photodestruction rate of νd = 1.78 · 10−5 s−1 (Crovisier 1989).
In the model we used typical solar wind conditions at 1
au from Cravens (2004) scaled to the heliocentric distances of
67P/CG. The undisturbed solar wind plasma parameters at 1 au
are a bulk velocity of v0 = 400 km/s in −xˆ (neglecting aberra-
tion), a number density of protons being n0 = 5 cm−3, and a tem-
perature of ions and electrons being constant at Ti = 0.5 · 105 K
and Te = 1 · 105 K, respectively. The interplanetary magnetic
field (IMF) has a magnitude of 7 nT with a Parker spiral angle
of χ = 45◦.
To model the evolution of the solar wind interaction with the
comet as the comet approaches the Sun, we chose six different
heliocentric distances ranging from when Rosetta arrived at the
comet at around R = 3.6 au, to R = 2.0 au. Six cases are summa-
rized in Tables 1 and 2, that can be compared with similar cases
modeled by Hansen et al. (2007).
Table 1. Solar wind conditions used in the model.
Case R[au] n0[cm−3] v0[km/s] B0[nT] χ[◦]
1 3.6 0.385 400 1.4 74
2 3.25 0.45 400 1.6 73
3 3.05 0.55 400 1.7 72
4 2.7 0.7 400 2.0 70
5 2.35 0.9 400 2.3 67
6 2.0 1.25 400 2.8 63
Table 2. Cometary parameters used in the model.
Case R[au] u[km/s] Q[s−1] νi[s−1] νd[s−1]
1 3.6 0.7 1.3 · 1025 5.0 · 10−8 1.4 · 10−6
2 3.25 0.7 2.8 · 1025 6.2 · 10−8 1.7 · 10−6
3 3.05 0.7 4.3 · 1025 7.0 · 10−8 1.9 · 10−6
4 2.7 0.7 1.0 · 1026 8.9 · 10−8 2.4 · 10−6
5 2.35 0.7 2.7 · 1026 1.2 · 10−7 3.2 · 10−6
6 2.0 0.7 8.5 · 1026 1.6 · 10−7 4.5 · 10−6
3. Results
The evolution of the angle between the proton flow direction and
the comet-sun line is given in Figure 3 (top panel) for both the
model and the observations. We assume the upstream solar wind
is flowing radially from the Sun, and the presented proton deflec-
tion angle is then the deflection relative to this assumed initial
radial flow.
Broiles et al. (2015) and Behar et al. (2016) previously re-
ported a significant deflection of the solar wind for precise cases,
and we now consider a much larger time scale. The observed
deflection increases smoothly with decreasing heliocentric dis-
tances, reaching a median daily value in the range of 30 to 90◦.
The model displays the same trend, with a non-linear increase
reaching a value of 40◦.
One would expect the first observed deflection values in the
time series to be very close to 0◦, since the mass-loading at the
Article number, page 4 of 9
E. Behar et al.: Mass-loading of the solar wind at 67P/Churyumov-Gerasimenko
0
10
20
30
40
50
60
70
80
90
De
fle
cti
on
 (°
) RPC-ICA DataModel
0
100
200
300
400
500
600
700
Ve
loc
ity
 (k
m
/s)
MEX/IMA solar wind speed at 67P/CG
0
100
200
300
400
500
600
700
Pe
ak
 w
idt
h 
(e
V)
10 2
10 3
Va
ria
bi
lity
 (e
V)
Aug 14 Sep 14 Oct 14 Nov 14 Dec 14 Jan 15 Feb 15 Mar 150
5
10
15
20
25
30
35
40
45
B 
am
pli
tu
de
 (n
T)
RPC-MAG Data
Model
3.63 3.45 3.27 3.07 2.87 2.65 2.42 2.21
Heliocentric distance (au)
Fig. 3. Time series for: deflection angle (first panel), speed (second panel), energy distribution width (third panel), peak centre variability (fourth
panel) and magnetic field amplitude (last panel). RPC-ICA data are given by red dots - every dot is a daily median. Peak width and peak central
value are given by the fit parameters. RPC-MAG magnetic field amplitude is averaged over 10 hours. Blue lines are either results from the hybrid
model (first and last panels) or results from the MEX solar wind speed propagation (second panel from top)
Article number, page 5 of 9
A&A proofs: manuscript no. longTerm2016_finalPrinter
−1 0 1 2
−1.0
0.0
1.0
J2000  -  2015-02-26
X
(au)
Y (au)
Fig. 4. The position of Earth (blue), Mars (red), and 67P/CG (black)
in J2000 coordinate system during 2015-02-26, with part of their or-
bits. The Parker spiral intersecting Mars for that day is also intersecting
67P/CG (dotted).
time is extremely light. This is seen in the model results, but the
deflection is larger in the observations. A closer look at the ob-
served data reveals that the Sun, as seen in the instrument field
of view, was just a few degrees away from the spacecraft body.
This partial obstruction of the solar wind flow and the way the in-
strument software handles it (onboard computation) should have
a significant influence on the computed deflection, until around
mid-September 2014.
By comparing panels 1 and 2 of Figure 3, one can see that
the variability in deflection is anti-correlated with the measured
proton velocity.
To estimate the upstream solar wind speed at 67P/CG, we
used solar wind speed measured by the Ion Mass Analyzer
(IMA), which is one of the sensors in the ASPERA-3 instrument
package (Barabash et al. 2006) onboard Mars Express. IMA is an
ion spectrometer almost identical to RPC-ICA. We propagated
the speed from Mars to 67P/CG, with the assumption that solar
wind conditions are identical along a Parker spiral, and remain
unchanged over time. We calculate the delay for the Parker spiral
to get from one body to the other. Thus delays can be positive as
well as negative.
Over the period of the study, the propagation delay started
at a high value of 12 days, meaning that what is measured at
Mars at one time will be a good estimation at 67P/CG 12 days
later. This delay becomes shorter than 4 days after December,
to end up at values around 0: the Parker spiral intersects both
bodies simultaneously, as shown in Figure 4. In other words, this
propagated speed should be more reliable when getting closer to
the end of the period.
The propagated solar wind speed is shown as a blue line in
the second panel from the top in Figure 3. Propagating large vari-
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Fig. 5. Deceleration seen in the model between a point upstream and
the nucleus. The maximum deceleration is 60 km/s at 2.2 au.
ations in the speed results in large time periods not being covered
( gaps in the blue line): the propagation delay is a function of the
solar wind speed, and two different events measured at Mars at
two different times can arrive at the same time at the comet, or
even in the opposite order of occurrence.
We get a very good agreement between the estimated up-
stream speed and the speed measured inside the coma. RPC-ICA
data time coverage gets better with time during this period. Thus
after January, we have better statistics, and more reliable solar
wind upstream speed (as pointed out above). The average decel-
eration after January is about -40km/s from estimated upstream
speed to the point of measurement, but no clear trend can be dis-
cerned. The uncertainty on this deceleration estimation is rather
large, extremely difficult to quantify, and does not allow us to
judge whether or not deceleration is systematically observed dur-
ing the later period. Some features measured at Mars and prop-
agated to the comet are in fact not observed at the comet. Even
though the expected delay taken into account when propagating
the observations from Mars to the comet is small during the sec-
ond half of the time period, the absolute distance between the
two bodies is never less than 1.7 au . We make the assumption
that solar wind conditions are identical along a Parker spiral, but
it is obvious that the larger the distance between the two bodies,
the worse this assumption gets.
The hybrid model shows a constant deceleration over the
period, with a maximum deceleration of 60 km/s at 2.2 au (cf.
Figure 5). This is consistent with the range estimated from the
data for the deceleration.
It appears that with decreasing heliocentric distances, the
variability of the proton speed (or energy) at the 192 s resolution
increases, as seen in the 4th panel of Figure 3. The variability is
given as the difference between the 5th and 95th centiles of the
proton peak central values (in energy) observed during one day.
At the beginning of our period of study, this variability is about
50 to 100 eV (100 to 140 km/s). It reaches values of several
hundreds to a thousand electron-volts at the end of this period.
By comparing panels 2 and 4 of Figure 3 one can see that the
variability of the proton speed in the coma correlates with the
upstream proton speed.
The FWHM of the fitted proton spectra, (Figure 3, 3rd
panel) doesn’t appear to correlate with heliocentric distance, but
correlates with the upstream proton velocity.
In the last panel of Figure 3, the magnetic field amplitude
increases with time and decreasing heliocentric distance, from
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5 nT ± 2nT to around 20 nT. The peaks in the magnetic field
amplitude correlate well with peaks in the proton speed. The
model (solid blue line in the same panel) also results in a similar
relative increase, from 1.5 to 6.6 nT, though the magnetic field
magnitude is lower. The model shows a less dramatic increase
compared to the observations.
Finally, the morphology of the interaction when the comet
was at 2.35 au can be seen in the hybrid model results in Figure
6.
4. Discussion
The solar wind observed inside the coma, close to the nucleus,
is a good tracer of the interaction between the solar wind and the
coma. The spacecraft altitude did not change significantly dur-
ing the investigated time period; the spacecraft spent 90% of the
time below 100 km in altitude. Thus the variations we observe
are to a large extent temporal, and not spatial, and the evolution
of the proton flow parameters directly reflects the time evolu-
tion of the plasma environment. We expect the solar wind to be
deflected and slowed down. Both the deflection and the decelera-
tion should increase with increasing comet activity, or a decreas-
ing heliocentric distance. Significant and increasing deflection is
observed during the whole period of study, and data from the
later part is consistent with deceleration, but we cannot observe
a clear trend in this deceleration.
Coma evolution
All of the aspects of the protons we have been studying over this
period present detectable changes that can be correlated with ei-
ther the heliocentric distance or the upstream solar wind veloc-
ity. The decreasing heliocentric distance gives the main trend in
the evolution of the deflection, the magnetic field amplitude, the
energy variability and, in the model, the deceleration. The vari-
ability around this main trend seems to be associated with the up-
stream proton velocity: the proton peak width together with the
proton energy variability present the best correlation with the up-
stream speed, but an anti-correlation with deflection is also seen
for intermediate heliocentric distances. The main peaks in the
measured magnetic field amplitude are also aligned with peaks
in upstream velocity.
With the resolution we get after data analysis, no physical
aspect other than the heliocentric distance and the upstream solar
wind speed is needed to describe the evolution of the deflection
and the energy distribution of the solar wind protons.
A near-orthogonal force on the protons
Even though we noted that the degree of deceleration of the pro-
tons was difficult to assess from our data, we can clearly state
that the protons are largely deflected, but not significantly slowed
down. Thus the force applied on the observed protons must be
near-orthogonal to their velocity, all along their trajectory to
the instrument. The observed protons have not lost a significant
amount of energy.
An unbalanced Lorentz force
During the investigated time period from August 2014 to March
2015, the magnetic field amplitude |B| measured at the space-
craft increased to average values of approximately 20 nT. We
therefore have an augmentation of |B| following the comet ac-
tivity escalation, but also an augmentation of |B| along a proton
trajectory, from upstream of the coma to the measurement point.
In the undisturbed solar wind, the magnetic force qvH+ × B and
the electric force qE are cancelling each other, the Lorentz force
F = q(E + vH+ × B) is balanced and null.
It is of great interest to put this increase of |B| in opposition
with the rather small deceleration of the solar wind. Without an
opportune new configuration of the local electric field in both
amplitude and direction, the Lorentz force applied on the protons
is not equal to zero anymore. The solar wind protons are per-
turbed by this increase in |B| along their trajectory. A significant
part of their motion can now be seen as gyrating rather than a
true bulk drift. The fact that the magnetic field is enhanced with-
out a corresponding deceleration of the protons indicates that the
protons are no longer coupled to the magnetic field, or a signifi-
cant part of their energy is now in a gyromotion, with a reduced
bulk drift.
Transfer of momentum and energy - the larger picture
We observe a force applied on the solar wind protons in the
coma, a force mainly orthogonal to their bulk velocity. This force
is therefore efficient in changing their momentum, but acts less
efficiently on their energy, that is, their speed. Both momentum
and energy are transferred to the water ions through electromag-
netic fields. Haerendel (1982) and Brenning et al. (1991) for ex-
ample, in the context of barium releases, depict a momentum
transfer along Alfvén waves propagating from the cloud (artifi-
cial coma).
So the previous observation raises the question about the ac-
tual shape of the regions where energy and momentum exchange
takes place. In particular, these regions are not necessarily iden-
tical.
Since we only have a one-point measurement to assess the
situation, we must turn to the modeled interaction to see the
larger picture.
In the hybrid model, we can separate the Lorentz force, F =
q(E′ + vH+ ×B) into two components: the force acting parallel to
the solar wind proton bulk flow, F‖ = vˆH+ (F · vˆH+ ), and the force
acting perpendicular to the flow, F⊥ = F−F‖. The perpendicular
component acts to make the bulk of the solar wind deflect, while
the parallel component acts to change the solar wind speed.
Hybrid model results for the comet located at 2.35 au, case
5, show that the Lorentz force, F, is primarily making the bulk
of the solar wind protons gyrate and thus deflect towards the
direction opposite of the convective electric field (−zˆ). The per-
pendicular force, F⊥, deflects the protons in a counter-clockwise
manner in the xz plane, seen in Figure 7a, where the bulk veloc-
ity of the solar wind protons are given as a vector field.
The parallel force, F‖, which is slowing the solar wind
down, is much weaker (see Figure 7b, where a positive value
corresponds to deceleration). This is in agreement with the
in-situ observations.
The regions of deflection (perpendicular force) and deceler-
ation (parallel force) are of comparable sizes and shape, but with
different strengths. It is interesting to note that the gyroradius of
a pick up ion in the undisturbed solar wind is 3 · 105 km, which
is much larger than the interaction region of about 103 km. The
interaction region leading to deflection and deceleration of the
solar wind protons corresponds to the region where the newly
ionized water is accelerating along the convective electric field,
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Fig. 6. The number density of solar wind protons together with their bulk velocity as a vector field (a), and the magnetic field magnitude (b). Cuts
through y = 0 for the comet at 2.35 au, case five. The ambient solar wind number density is 0.9 cm−3, and the ambient magnetic field is 2.3 nT
with a Parker spiral angle of 67◦. The location of the comet is marked by black cross-hairs.
Fig. 7. The Lorentz force per charge acting on the bulk of the solar wind protons of a cut through y = 0 for the comet at 2.35 au, case 5. The solar
wind proton bulk velocity is given as a vector field (a). The force acting perpendicular to the solar wind bulk velocity, vH+ , deflects the solar wind
protons (a), where a positive value is taken as counter-clockwise gyration by convention. The force parallel to the solar wind bulk velocity changes
the solar wind speed (b), where a positive value results in a deceleration. The ambient convective electric field is 0.85 V/km. The location of the
comet nucleus is marked by black cross-hairs.
E0.
5. Conclusion
As the heliocentric distance decreases from 3.6 to 2.2 au, the ob-
served solar wind is increasingly deflected, up to 90◦. The mod-
eled interaction results in the same evolution of the deflection
angle, with a lower maximum value than observed.
In contrast with this strong deflection, the observed solar
wind is not significantly slowed down, with an estimated decel-
eration of 40 km/s at heliocentric distances between 2.65 and 2.2
au. The modeled deceleration is consistent with the observations.
The strong proton deflection is the most obvious signature
of mass-loading at a small comet, while little deceleration is
observed. This may also have important implications for other
objects where the interaction region is small compared to the
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gyro radii of pick up ions. The interplanetary magnetic field at
the orbit of Pluto is very small and the pick up ion gyro radius
correspondingly large, in the order of 1 million km. If there is
significant mass-loading of the solar wind due to an extended
atmosphere upstream of the bow shock at Pluto, this interaction
is likely similar to that of a small scale comet. The New
Horizons spacecraft observed very little deceleration of the solar
wind at its flyby of Pluto (Bagenal et al. 2016; McComas et al.
2016), while no clear data on solar wind deflection has been
published. McComas et al. (2016) reported a clear pressure-
related plasma boundary forming between the ionosphere
and the solar wind at Pluto, so in this respect Pluto behaves
similarly to other unmagnetised planets such as Mars and Venus.
As contrast to the single-point limitation of the measure-
ments, the model enables us to describe the complete picture of
the interaction. In the model, the region where energy is trans-
ferred and the region where momentum is transferred are close
to identical. The force acting on the solar wind protons has a
main component orthogonal to their bulk velocity. This confirms
and completes the picture we get from the observations, in which
solar wind protons are seen as almost gyrating.
The region where momentum and energy are transferred
from the solar wind to the coma is centered on the nucleus, with
a dimension in the order of 103 km. But this localized interac-
tion has significant effects on the downstream solar wind flow
over much larger spatial scales. The solar wind is in fact seen
piling up in the (-z, -x) quadrant, a region where neither momen-
tum nor energy are significantly transferred. This happens where
the deflected solar wind intersects the nearly undisturbed solar
wind.
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